Abstract: A coupled resonator optical waveguide (CROW) based on a slotted 1-D photonic crystal (1-D PC) cavity is proposed, and its enhancement of the optical nonlinearity due to the slow-light effect of the CROW and the small effective area of the slotted 1-D PC cavities is demonstrated. Setting the appropriate slot configuration in terms of the tradeoff between the nonlinear parameter and the leakage loss, a large nonlinear parameter exceeding 10 4 m À1 W À1 can be obtained.
Introduction
Nonlinear optical effects play a key role in the all-optical signal processing for the future photonic network. The slow-light waveguides can enhance the interaction between the light and the matter [1] , [2] and the slow-light-enhanced self phase modulation (SPM) [3] , [4] and four wave mixing (FWM) [5] have been reported. A photonic crystal coupled resonator optical waveguide (PC-CROW) [6] , which is composed of cascaded PC cavities along the propagation direction, is highly attractive for the enhancement of the optical nonlinearity because of its small group velocity and zero group velocity dispersion at the center of the transmission band [7] . The propagation characteristic of the PC-CROW is governed by a selection of the cascaded PC cavities. Recently, 1-D and 2-D PC cavities with a slot configuration have been reported [8] - [12] . The electromagnetic field is strongly localized in the narrow and low-index slot region and the small effective area can be obtained like conventional slot waveguides [13] . As a result, the interaction between the light and the matter can be enhanced. In addition, filling the slot region with a material that has a large nonlinear index, further enhancement of the optical nonlinearity can be expected. However, the PC-CROW based on such slotted PC cavity has not been reported yet.
In this paper, a CROW based on a slotted 1-D PC cavity is proposed to enhance the optical nonlinearity. The 1-D PC cavity has the advantages in terms of the structural simplicity and the compactness compared with the 2-D PC counterpart. The optical nonlinearity is investigated using the 3-D vector finite element method (FEM) for the periodic waveguide analysis [14] , [15] . Numerical results show that a large nonlinear parameter exceeding 10 4 m À1 W À1 can be obtained because of the slow-light effect of the CROW and the small effective area of the slotted 1-D PC cavity.
The remainder of this paper is organized as follows. In Section 2, the structure of the CROW based on the slotted 1-D PC cavity is described. In Section 3, the structural dependence of the nonlinear parameter is demonstrated and the appropriate slot configuration in terms of the trade-off between the nonlinear parameter and the leakage loss is discussed. Fig. 1 shows a schematic of a slotted 1-D PC cavity. The arrays of the holes are introduced into a silicon wire waveguide to compose the Bragg mirror of the 1-D PC cavity. The slot region is located at the center of the 1-D PC cavity and its edge shape is circular. The circular-shape slot edge can be connected with the array of the holes smoothly compared with the rectangularshape one because the circular edge can be interpreted as the inscribed holes at the end of the slot region. The core, under-cladding, and over-cladding materials are assumed as Si ðn Si ¼ 3:5Þ, SiO 2 ðn SiO2 ¼ 1:45Þ, and DDMEBT [16] ðn DDMEBT ¼ 1:8Þ. Since the DDMEBT has a low index than Si and a large nonlinear index n 2 ¼ 1:7 Â 10 À17 m 2 W À1 , which is three times larger than that of Si, it is suitable for the over-cladding material of the slotted 1-D PC cavity. In addition, the slot region and the holes can be homogenously filled with DDMEBT in practice because of its molecule structure [16] . The waveguide parameters are set as follows. The lattice constant a ¼ 400 nm, the waveguide width w ¼ 540 nm, the waveguide height h ¼ 200 nm, the slot width w s ¼ 100 nm, the one cavity length is Ã, and the slot length is L. All the holes are numbered from the vicinity of the slot region to the edge of the 1-D PC cavity as shown in Fig. 1 . The number of the one-sided holes is set as m ¼ 5, 6, and 7. The hole radius gradually increases to suppress the mode mismatch between the slot region and the Bragg mirror. The maximum hole radius is limited to 100 nm, therefore, each hole radius is set as r 1 ¼ 60 nm, r 2 ¼ 70 nm, r 3 ¼ 80 nm, r 4 ¼ 90 nm, and r 5 ¼ r 6 ¼ r 7 ¼ 100 nm. Finally, the CROW is composed by cascading such slotted 1-D PC cavity along the propagation direction (z direction in Fig. 1 ).
Structure of the CROW Based on the Slotted 1-D PC Cavity

Results and Discussions
The 3-D vector FEM for periodic waveguide analysis [14] , [15] is applied to the CROW based on the slotted 1-D PC cavity. Fig. 2 shows the dispersion curves of m ¼ 5, 6, and 7 when the slot length L changes from 0.85 to 0.95 m. The range of the slot length is set to excite a third order cavity mode, which presents a good balance between a quality factor and a mode volume [8] . It can be seen that the dispersion curves have a sinusoidal form, which is the characteristics of the dispersion curves of the CROW. The zero group velocity dispersion is obtained at the center of the transmission band where the slope is constant. Fig. 3 shows the slot length dependence of the normalized group velocity v g =c as a function of the wavelength, where v g is the group velocity, and c is the velocity of light in vacuum. It can be seen that the normalized group velocity decreases as the slot length is long. The group velocity of the CROW is governed by the strength of the coupling between the cascaded cavities. Fig. 4(a) and (b) show the electric field distribution in the xz cross section of L ¼ 0:85 m ðm ¼ 5Þ and L ¼ 0:95 m ðm ¼ 5Þ, respectively. Since the light confinement into the slot region of L ¼ 0:95 m is stronger than that of L ¼ 0:85 m, the coupling between the cascaded cavities is weak. As a result, the normalized group velocity is small for the long slot length. In addition, the normalized group velocity decreases as the m-value is large. Fig. 4(b) and (c) show the electric field distribution in the xz cross section of m ¼ 5 ðL ¼ 0:95 mÞ and m ¼ 7 ðL ¼ 0:95 mÞ, respectively. In the large m structure, since the electric field distribution at the edge of the slotted 1-D PC cavity is weak, the coupling between cascaded cavities is weak. As a result, the normalized group velocity is small for the large m. Fig. 5 shows the slot length dependence of the nonlinear parameter as a function of the wavelength for m ¼ 5, 6, and 7. The nonlinear parameter is calculated by the following rigorous definition reported recently [17] :
where k 0 is the wavenumber in vacuum, A eff is the effective area especially defined for periodic waveguides [17] , Ã is the one cavity length, " 0 and 0 are the permittivity and permeability in vacuum, e and h are the electric and magnetic field vectors, n 2 is the nonlinear index, and n 0 is the refractive index. The nonlinear parameter scales with the square of the slowdown factor S defined as v ' =v g [1] , where v is the phase velocity. Therefore, the large nonlinear parameter is obtained in the structure with long slot length. However, too long slot length is not preferable because of the leakage loss discussed below. Fig. 6 shows the slot length dependence of the leakage loss as a function of the wavelength for m ¼ 5, 6, and 7. The leakage loss is calculated as Leakage loss ¼ 20 log 10 e Â ImðÞ j j
where ImðÞ is the imaginary part of the propagation constant, which is given by
where Imð!Þ is the imaginary part of the angular frequency [18] . The leakage loss depends on the slot length and the minimum value is obtained for L ¼ 0:9 m in all m-value structures. We consider that the envelope curves of the electromagnetic field distribution close in the Gaussian function changing the slot length. Therefore, too much increase of the slot length is not suitable , and 7 at the zero group velocity dispersion wavelength, respectively. The large nonlinear parameter is obtained in the structure with the large m. However, there is a trade-off between the nonlinear parameter and the operation bandwidth as shown in Fig. 5 . Therefore, the number of holes has to be chosen carefully in terms of the operation bandwidth.
Finally, the further enhancement of the optical nonlinearity is considered by decreasing the slot width w s . As noted above, too long slot length is not preferable because of the leakage loss and there is the trade-off between the nonlinear parameter and the leakage loss. Recently, some of the slotted PC cavity with the slot width less than 100 nm is reported in experiment [10] , [12] . In this section, the slot width dependence of the optical nonlinearity is investigated in the range w s ¼ 40 nm to 100 nm. The slot length is fixed as L ¼ 0:9 m to suppress the leakage loss. The other parameters are the same as the previous section. Fig. 7 shows the dispersion curves of m ¼ 5, 6, and 7 when the slot width w s changes. The redshift of dispersion curves is observed when the slot width decreases. When the confinement of the light in the narrow and the low-index slot region increases, the propagation constant decreases in the same wavelength. As a result, the redshift of the dispersion curves occurs. Fig. 8 shows the slot width dependence of the normalized group velocity as a function of the wavelength. As the slot width decreases, the normalized group velocity becomes small. Fig. 9(a) and (b) show the electric field distribution at xz cross section of w s ¼ 100 nm and w s ¼ 40 nm with m ¼ 5. The light confinement into the slot region of w s ¼ 40 nm is stronger than that of w s ¼ 100 nm. The narrow slot width makes the light localization at the center of the cavity strong, then, the strength of coupling between the cascaded cavities becomes weak. As a result, the group velocity decreases in the structure with the narrower slot width. Fig. 10 shows the slot width dependence of the nonlinear parameters of m ¼ 5, 6, and 7. The nonlinear parameter is inversely proportional to the slot width since the small effective mode area is provided by the narrow slot region and the nonlinear parameter inversely scales with the effective area as shown in Eq. (1). In the structure with w s ¼ 40 nm, the nonlinear parameters of ¼ 8:71 Â 10 3 , 1:14 Â 10 4 , and 1:63 Â respectively. These nonlinear parameters are approximately 10 2 times larger than that of conventional silicon wire waveguides. Fig. 11 shows the slot width dependence of the leakage loss as a function of the wavelength. It can be seen that the leakage loss decreases with narrower slot width. The structure of narrow slot width has advantages in terms of both the leakage loss and the nonlinear parameter. In general, there are the leakage loss, the waveguide dependent loss, and the insertion loss in the losses of optical waveguides. To estimate the optimum number of cavities of CROW, the balance between the leakage loss and the nonlinear parameter is the important criteria. Fig. 12 shows the relationship between the nonlinear parameter and the effective length L eff . The effective length is the nonlinear interaction length considering the leakage loss and calculated as
where is the attenuation constant and the L phys is the physical length, which is fixed as 100 m and 10 Â Ã for comparison. The color and the type of points in Fig. 12 represent the number of holes and the slot width, respectively. The performance increases as the points are plotted at the upper right side. It can be seen that the structure of m ¼ 7 and w s ¼ 0:04 m is the appropriate parameter of the CROW based on slotted 1-D PC cavity in terms of the trade-off between the nonlinear parameter and the effective length, while the consideration of the bandwidth is needed. Considering the nonlinear conversion such as the four wave mixing, since the bandwidth narrows in proportion of the increase of the nonlinear parameter, the proposed CROW with the extremely large m-value is not preferable. Finally, the insertion loss is discussed. The input and output of the proposed CROW have to be considered to suppress the insertion loss. The taper waveguide for the highly-efficient connection between the straight waveguide and the 1-D PC-CROW have already been investigated and the high transmission (> −1.0 dB) and the wide bandwidth operation (> 300 nm) are demonstrated [19] . We consider that the same designed taper waveguide is also capable of overcoming the impact of the insertion losses in the proposed CROW.
Conclusion
The coupled resonator optical waveguide based on the slotted 1-D PC cavity was proposed and its enhancement of the optical nonlinearity due to the slow-light effect of the CROW and the small effective area of the slotted 1-D PC cavity has been investigated. Using the 3-D vector FEM for the periodic waveguides analysis, the tradeoff between the nonlinear parameter and the leakage loss was found. In addition, to enhance the optical nonlinearity further, the structure with narrow slot width was investigated and its advantages in terms of both the leakage loss and the nonlinear parameter were demonstrated. Setting the slot length and width appropriately, the largest nonlinear parameter 1:63 Â 10 4 m À1 W À1 of the CROW based on the slotted 1-D PC cavity can be obtained.
